BordeteUa pertussis, the human pathogen of whooping cough, when grown at 22C is nonvirulent and unable to bind eukaryotic cells. In response to a temperature shift to 37C, the bacterium acquires the ability to bind eukaryotic cells in a time-dependent fashion. By studying in vitro the temperature-induced transition, from the nonvirulent to the virulent state, we found that binding to CHO cells is mediated by the Arg-Gly-Asp-containing domain of rdamentous hemagglutinin (FHA), a protein with multiple binding specificities. This protein is synthesized as a 367-kDa polypeptide within 10 min after temperature shift, but requires 2 hr before it is detected on the bacterial cell surface and starts to bind CHO cells. Mutations affecting the cell surface export of FHA abolish bacterial adhesion to CHO cells, while mutations in the outer membrane protein pertactin strongly reduce binding. This suggests that multiple chaperon proteins are required for a correct function of FHA. Finally, several hours after maximum binding efficiency is achieved, the N-terminal 220-kDa portion of FHA that contains the binding regions is cleaved off, possibly to release the bacteria from the bound cells and facilitate spreading. The different forms of FHA may play different roles during bacterial infection.
Bordetella pertussis colonizes the respiratory tract by specific adhesion to the ciliated cells and alveolar macrophages. During infection it releases a number of toxins that cause the systemic symptoms of the disease. Bacterial adhesion and host intoxication require factors such as pertussis toxin (PTX), adenylate cyclase, filamentous hemagglutinin (FHA), pertactin (PRN; also called 69K), and fimbriae (1, 2) . In response to environmental stimuli, the expression of these proteins, and of many others, is coordinately regulated at the transcriptional level by the bvg locus (3) (4) (5) (6) (7) (8) . Virulence factors are synthesized at 37°C, while their expression is repressed at 25°C or upon addition of MgSO4 or nicotinic acid to the culture medium (2, 3, 9) . FHA, PRN, PTX, and fimbriae have been implicated in bacterial adhesion (10) (11) (12) (13) (14) (15) (16) (17) (18) ; adenylate cyclase and PTX are mostly involved in the evasion of the host defenses and intoxication (1, 19) . FHA is an extracellular protein that is presumably synthesized as a precursor of 367-kDa of which only the 220-kDa N-terminal region is present in the mature protein (11, 20) . However, the 367-kDa polypeptide predicted from the nucleotide sequence of the fhaB gene has never been detected. Export of FHA requires the product of genes mapping downstream from the fhaB gene, which are predicted to code proteins homologous to chaperon proteins (21, 22) . Purified FHA possesses at least three defined domains of protein-binding activity: (i) a domain that is specific for carbohydrate-binding activity and recognizes galactose-containing glycoconjugates on both
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cilia and macrophages (23) , (ii) an Arg-Gly-Asp-containing domain (RGD domain) that promotes adherence to the macrophage integrin CR3 and possibly to other integrins, (24, 25) , and (iii) a heparin-binding activity (26) . The above properties are reminiscent of eukaryotic extracellular matrix proteins.
PTX is a major virulence factor released in the extracellular environment, intoxicates most tissues, induces metabolic changes in the host, and is the only toxin known to bind whole bacteria to eukaryotic cells (27, 28) . Subunits S2 and S3 of PTX contain two different binding activities. S2 recognizes preferentially glycoconjugates on ciliated cells and S3 recognizes macrophages (29) . PRN is an outer membrane protein of 61 kDa processed from a 92-kDa precursor (14) . It has been shown that eukaryotic cells bind purified PRN in vitro by an RGD domain (15, 30) . However, a direct role of PRN in binding bacteria to eukaryotic cells has not been demonstrated.
In this work, we synchronized the expression of the virulence regulon by shifting cultures of B. pertussis from 22°C to 37°C and studied the time required by the bacterium to acquire specificity of adhesion to eukaryotic cells and the role exerted by FHA, PRN, and PTX. This approach may be applied to study the *To whom reprint requests should be addressed. ELISA. The amount of FHA exposed on the cell surface of B. pertussis was measured by the ELISA assay on bacteria fixed with formalin as described (31 (CHO) cells. To measure adhesion, bacteria grown in the presence of fluorescein isothiocyanate were incubated for 30 min at 0°C with CHO cells and analyzed on a FACStar flow cytometer to determine the specific fluorescence intensity associated to CHO cells. Fig. 1A shows that wild-type strains BP-536 and BP-W28 grown at 22°C did not bind CHO cells. Adhesion initiated 2 hr after temperature shift to 37°C and increased linearly at 4, 6, and 8 hr. After this time, adhesion to CHO cells started to decrease. As expected, the bvgmutant BP-347 did not bind CHO cells at any time after temperature shift. To establish the role of the known virulence factors in adhesion, mutants lacking the gene coding for PT (BP-TOX6), defective in thejha gene (BP-101 and BP-102) and defective in the prn gene (BP-BBC42) were tested in the adhesion assay as described above. Fig. 1B shows that the PTX-strain (BP-TOX6) bound CHO cells, however, at each point of the time-course experiment, the values of binding being =20% lower than those of the wild-type strain. The strain defective in the prn gene (BP-BBC42) did not show any adhesion for 6 hr after temperature shift. After this time some adhesion occurred but was 75% lower than that of the wild-type strain (Fig. 1B) and did not increase during the following 25 hr (data not shown). In marked contrast, the strains defective in theflaB gene (BP-101 and BP-102) did not show adhesion at any time after temperature shift. To test whether export and/or assembly of FHA is necessary for adhesion, we tested strains BP-353 and BP-354 that contain the entire JhaB structural gene and are defective in the chaperon proteins required for FHA assembly and release into the culture medium (21, 22, 32 Formalin-stabilized bacteria from a time-course experiment were used to coat microtiter plates, and the presence of cell surface-exposed FHA was detected by an ELISA technique with specific anti-FHA antibodies. In the wild-type strain, the presence of FHA on the cell surface was clearly detected 2 hr after temperature shift and increased thereafter ( Fig. 2A) . As expected, strains defective in bvg (BP-347) and in FHA export (BP-353) gave negative results. Surprisingly, the PRN-defective strain (BBC42) showed no significant FHA exposure for 4 hr. At 6 and 8 hr some surface exposure of FHA was detected; however, this was significantly lower than with the wild type. This behavior reminds one of that observed on the same strain in the CHO adhesion assay of Fig. 1B . Hemagglutination assays showed that the bvg and FHA-export mutants were unable to agglutinate erythrocytes (Fig. 2B) . However, the PRN mutant and the mutant in the RGD domain of FHA, which were defective in CHO cell binding, showed normal levels of hemagglutinating activity. In conclusion, the absence ofPRN influenced significantly cell surface exposure of FHA (detected by ELISA) and RGD-mediated adhesion but not hemagglutination activity. PRN cells that also showed a similar temporal pattern of adhesion (data not shown). Therefore, mutant and wild-type strains were tested for adhesion to HEp2 cells, and the results were compared with those obtained using CHO cells. Fig. 3 Fig. 4 A and B were loaded on a highresolution polyacrylamide gel and analyzed by Western blotting by using an antibody against purified FHA. The cells taken at 1, 2, and 14 hr had several bands of molecular weight higher than 220 kDa (Fig. 5) Fig. 1 ). DISCUSSION We have used temperature shift from 22°C to 37°C to obtain a synchronous induction of the synthesis, export, and maturation of the virulence factors of B. pertussis. These experiments that mimic the in vivo temperature shift encountered by pathogens when they infect homeothermic animals al---hotrs - lowed us to obtain unique findings that had never been observed when growing the bacteria under standard laboratory conditions, suggesting that similar experiments may also be useful for other bacterial pathogens surviving at different temperatures (Bordetella bronchiseptica, Yersinia, Escherichia coli, Shighella, Listeria, Salmonella, Pseudomonas, Vibrio cholera). In B. pertussis that is isolated only from man and is not known to occur in environments at low temperature, the temperature regulation of virulence factors may be used to modulate the amount of virulence factors expressed in the upper and lower respiratory tract. Evidence in our laboratory indicates, in fact, that bacteria grown at 28°C, 32°C, and 37°C produce low, intermediate, and high levels of virulence factors, respectively (not shown).
The adhesion of B. pertussis to eukaryotic cells is a complex phenomenon that involves multiple binding specificities of the FHA protein and possibly other adhesins. We have demonstrated that binding of B. pertussis to CHO cells requires only the RGD domain of FHA; agglutination of erythrocytes is independent from the RGD domain and is likely to involve the carbohydrate binding domain of FHA, while the binding to HEp2 cells is likely to involve both mechanisms and possibly also other bvg-regulated proteins. It should be noted that Leininger et al. (36) found (i) that 63% of binding to CHO cells is due to FHA and PRN and 37% is due to other molecules and (ii) that FHA-mediated binding is independent of the RGD domain. Since bacteria were grown at 37°C in a nonsynchronized induction, their results may not be in contrast with those described here. In our experiments, the maximum value of FHA accumulation in bacterial samples has been observed already at 30 min of temperature shift (Fig. 4A) . However, binding to CHO and HEp2 cells was detected only 2 hr after temperature shift, and the maximum efficiency of binding was observed at 8 hr of induction (Fig.  1A) . The time lag observed between the synthesis of FHA and the adhesion to eukaryotic cells suggests that FHA requires this time interval to be exported to the external surface of the bacterium and be properly folded and processed (Figs. 4 and 5 ). These molecular events require the expression of FHA-specific gene products (Figs. 1-3) , which chaperon FHA (21, 22) . Surprisingly, PRN was also necessary for the FHA-mediated adhesion to CHO cells. In fact, in the absence of PRN, the FHA was poorly exposed on the external surface of the bacterium ( Fig. 2A) 
